Four steroidal alkaloids extracted from the roots and rhizomes of Veratrum californicum were separated by high performance liquid chromatography (HPLC) and identified using high resolution electrospray ionization time of flight tandem mass spectrometry (ESI-TOF-MS/MS) as veratrosine, cycloposine, veratramine, and cyclopamine. This paper compares ethanol and benzene as extraction solvents, HPLC solvent conditions leading to good separation of steroidal alkaloids, and MS/MS fragmentation patterns for the four steroidal alkaloids which have been released to the public database MassBank.jp. The reported Soxhlet extraction method nearly triples the recovery of steroidal alkaloids from V. californicum.
(1) Veratrum californicum is a plant rich in steroidal alkaloids that is native to the mountainous regions of the western United States. In the 1960s, researchers from the United States Department of Agriculture (USDA) Poisonous Plant Laboratory identified one of these steroidal alkaloids, cyclopamine, as the teratogen responsible for birth defects in lambs born to ewes grazing in high mountain meadows in Idaho [1] [2] [3] . Work in the late 1990s showed that cyclopamine inhibited Sonic Hedgehog (Shh) signal transduction, a developmental pathway critical to cell growth and differentiation during embryonic pattern formation and homeostasis of adult tissue [4, 5] .
A growing number of studies over the past decade have demonstrated the importance of aberrant Shh signaling in the pathogenesis of numerous cancers including basal cell and adenocarcinoma, glio and medulloblastoma, and small cell lung, prostate, breast, and pancreatic cancers [6] [7] [8] . Consequently, there is a steady demand for cyclopamine within the biomedical and developmental biology research communities. Due to the complexity of cyclopamine synthesis, obtaining the compound from the biomass of V. californicum proves to be a more cost effective approach [9, 10] . Additionally, a derivative of this natural product, IPI-926 (saridegib), is currently in a Phase 1 clinical trial as part of a combination therapy with cetuximab for treatment of recurrent head and neck cancers [11] . If cyclopamine derivatives are approved for pharmaceutical use, demand for the natural product will increase dramatically and safe, reliable, and effective means of measuring and obtaining cyclopamine from V. californicum will be required to create a sustainable supply of the compound.
The initial quantitation and characterization of the alkaloids in V. californicum was completed in the 1960s and early 1970s [1, 2, [12] [13] [14] . The alkaloid extraction procedure developed during these early investigations consisted of subjecting large quantities of biomass (25 to 150 kg) to repeated, multiple-day soaks in benzene 1.7% (v/v) NH 4 OH, followed by evaporation of the solvent, to give a concentrated crude extract. The steroidal alkaloids were then isolated from other secondary metabolites through liquid-liquid partitioning and chromatographic separation. Recrystallization from an ethanol/water or acetone/water system yielded purified steroidal alkaloids [13] [14] . Using this method, approximately 0.5 g of cyclopamine per kg of dry root material was obtained [14] .
More recently, an improved extraction method to obtain cyclopamine from V. californicum biomass using benzene in a Soxhlet apparatus was reported. The biomass was wetted with aqueous 7.5% NH 4 OH and subjected to refluxing benzene for 14 h. Separation of alkaloids was accomplished by column chromatography and purification of cyclopamine-rich fractions was carried out by recrystallization from ethanol/water. This approach yielded 1.3 g of purified cyclopamine per kg of dry root and rhizome material, roughly half of the total cyclopamine content in the crude extract as determined by quantitative LC-MS [9] .
Additionally, two industrial scale extraction methods to obtain cyclopamine from V. californicum are patent pending [15, 16] . The first application describes an approach to increase the yield of cyclopamine through deglycosylation of cycloposine, the C-3 glycoside of cyclopamine. Cycloposine has been reported in V. californicum at varying levels depending on geography and the point in the plant's annual growth cycle, increasing in the root and rhizomes of V. californicum from summer to fall [17] . The aforementioned patent application presents data indicating that cycloposine was present at levels 1.5 to 4 fold higher than cyclopamine in the V. californicum root and rhizomes sampled and demonstrates complete conversion of cycloposine to cyclopamine by pre-soaking the biomass in water or introducing an exogenous enzyme [15] . The aqueous pre-soak and exogenous enzymes provide an efficient means to hydrolyze the glycosidic bond between glucose and the steroidal scaffold in cycloposine ( Figure  1 ), leading to an increase in cyclopamine yield from 1.66 g/kg to 6.66 g/kg as determined by high pressure liquid chromatography (HPLC). The second patent application describes microwave assisted extraction and liquid-liquid partitioning to yield 2.4 g of cyclopamine per kg of V. californicum biomass [16] . The microwave method offers significant time savings over traditional solvent extraction procedures. In summary, literature reports detail the amount of cyclopamine, independent of cycloposine, obtainable from dried root and rhizome of V. californicum to be between 0.5 and 2.5 g/kg [9, [14] [15] [16] .
The aforementioned extraction methods have utilized myriad organic solvents to obtain cyclopamine from V. californicum. Jayatilake and colleagues suggest that soaking the biomass in the non-polar solvents benzene, methyl tert-butyl ether, or dichloromethane is more effective at extracting cyclopamine than when polar solvents like ethanol are used. Conversely, polar solvents lead to higher extraction yields of the glycoside, cycloposine [15] . In the case of microwave assisted extraction, a ratio of 2:1 ethanol:water (v/v) + 5% sodium carbonate was found to be more effective than dichloromethane and on par with 80:20 dichloromethane/methanol (v/v) in extracting cyclopamine [16] . Finally, refluxing benzene has been used successfully to extract cyclopamine via a Soxhlet apparatus [9] . While this latter method is effective, benzene is carcinogenic and does not lend itself well to green principles of safe handling and minimizing hazardous waste nor is it desirable to introduce benzene when the end product may be used for in vivo assays [18] . The present study was motivated by the limited amount of information correlating extraction solvents to relative ratios and quantities of steroidal alkaloids obtained from V. californicum biomass.
Appreciable levels of the structurally related compounds jervine, veratramine, isorubijervine, and muldamine, as well as glycosides pseudojervine and veratrosine, have been reported in addition to cyclopamine and cycloposine in V. californicum [19] . These alkaloids, though of lesser value as hedgehog antagonists, may impact the amount of cyclopamine available in the plant. Work with radiolabeled carbon-14 in Veratrum grandiflorum, suggests cyclopamine may be an intermediary in the biosynthetic pathway for both veratramine and jervine [20] . Few reports in the literature use modern methods to examine the full complement of steroidal alkaloids in V. californicum.
We sought to characterize and quantitate cyclopamine and related steroidal alkaloids in a sample of V. californicum obtained from the Boise National Forest in Idaho, and, in the process, compare the extraction efficacy of non-polar and polar solvents when using Soxhlet extraction. We chose benzene and ethanol as representative non-polar and polar solvents, respectively, due to literature precedent and green chemistry principles [9, 18] . The lack of a chromophore in the steroidal alkaloids makes detection difficult with an ultraviolet to visible wavelength detector, but evaporative light scattering detection (ELSD) has been used successfully with similar alkaloids from Veratrum nigrum and Veratrum dahuricum [21, 22] . Accordingly, we chose to use HPLC coupled with ELSD to separate the alkaloids, and electrospray ionization time of flight mass spectrometry and tandem mass spectrometry (ESI-TOF-MS and MS/MS) for characterization. Due to the lack of mass fragmentation patterns in public databases for the steroidal alkaloids found in V. californicum, we have released our findings to the public database Massbank.jp [23] .
In order to compare ethanol and benzene as solvents for extraction of alkaloids from V. californicum, a Soxhlet extraction was performed on dried and ground root and rhizome biomass using each solvent (see Extraction in Experimental). The extraction products were separated using reversed-phase HPLC and detected by ELSD. Representative chromatograms for the benzene and ethanol extractions as well as steroidal alkaloid standards are presented in Figure 2 . The HPLC conditions resulted in wellseparated and resolved peaks that enabled quantitation and further characterization.
A comparison of the HPLC profiles revealed similar component profiles with the same major peaks; the ethanol extract consistently had the component peak profile shifted to slightly shorter (~2 min) retention times (Figure 2 , compare top and middle chromatograms). However, the ethanol extraction resulted in more prominent peaks, including a pronounced peak eluting just ahead of peak 4, and a number of minor peaks. Based upon a comparison with the HPLC profiles of the limited standard set available, peak 3 eluted at the same retention time as veratramine and peak 4 eluted at the same elution time as cyclopamine. To verify the identity of each species and identify the other peaks present, all individual peaks were collected into separate fractions and their masses determined using ESI-TOF-MS.
Fractions corresponding to the labeled peaks in Figure 2 contained masses of known steroidal alkaloids when analyzed by ESI-TOF-MS and ESI-TOF-MS/MS. Table 1 shows the ESI-TOF-MS results for the peaks collected from samples corresponding to Figure 2 ; these MS data, in addition to retention times for reference standards of cyclopamine, veratramine, and muldamine were used to identify veratrosine, cycloposine, veratramine, and cyclopamine. ESI-TOF-MS data provided mass accuracy consistent with these assignments to an error less than 5.5 parts per million (ppm). [M+H]+. The small leading peak ahead of peak 4 in the crude ethanol extract was collected independently and contained the same dominant ion, i.e. consistent with cyclopamine. Work is presently underway in our laboratory to elucidate if this leading peak is one of the cyclopamine isomers that forms when the ether bridge in the Ering of cyclopamine opens, as has been demonstrated to occur under acidic conditions [24] . Only trace amounts of jervine and muldamine were detected by mass spectrometry. A species with a mass of 426.30 m/z, [M+H]+, consistent with jervine, was detected in the small peak preceding peak 2 in the benzene extract, and a species with a mass of 458.36 m/z, [M+H]+, consistent with muldamine, was detected at a low intensity in peak 4 of one HPLC separation of the benzene extract. Isorubijervine was not detected. We chose to analyze the dominant ions in each peak by MS/MS to further support the initial assignments achieved through ESI-TOF-MS. Collision energy of 50 eV was sufficient to achieve fragmentation suitable for differentiation between veratramine, veratrosine, cyclopamine and cycloposine (see Supplementary Material for fragmentation patterns of each isolated alkaloid and Table 2 for top 10 ions by relative intensity). Both veratramine and veratrosine feature an aromatic D-ring (Figure 1) , which enhances the stability to the steroidal ring system in these compounds. The Cyclopamine and cycloposine do not have an aromatic D-ring, but do feature a comparably fragile ether bridge between carbons 17 and 23, which leads to greater fragmentation of the steroidal scaffold than is observed for steroidal alkaloids that do not have the ether bridge [25] . Two dominant ions obtained upon fragmentation of the cyclopamine standard were M-252 and M-250 (157.1 and 159.1 m/z respectively), which are likely the result of loss of water from carbon 3 in conjunction with cleavage through the C-ring. The daughter ion M-297 (114.1 m/z) is consistent with the presence of the charged F-ring (i.e. loss of rings A-D). The difference in Once the identities of the compounds in each peak were confirmed via MS and MS/MS, we sought to quantitate the alkaloids in the crude ethanol and benzene extracts to compare extraction efficiency using the two solvents, ethanol and benzene. To this end, standard curves were generated from known concentrations of purchased cyclopamine and veratramine and the corresponding HPLC peak area data (see Figure 4 and 5).
Ethanol extracted more steroidal alkaloids from V. californicum root and rhizome biomass than benzene. Using 98.3:1.7 EtOH:NH 4 OH (v/v) yielded, on average, 19.22 grams of total alkaloids, while 98.3:1.7 benzene:NH 4 OH (v/v) only yielded an average of 7.11 grams of total alkaloid (Figure 4) . Thus, the amount of cyclopamine obtained using ethanol as the extraction solvent was more than double that extracted using benzene. Additionally, the 5.56 g/kg of cyclopamine that we obtained from the plant biomass using ethanol is more than double the highest prior value (2.34 g/kg) reported in Values are averages for all respective trials. The peak area from fraction 4 was combined with the small leading peak that was also identified as cyclopamine in the ethanol extract. In the absence of the area for the leading peak, the concentration of cyclopamine is 4.71 g/kg.
the literature with benzene [9] . As a point of confidence, the amount of cyclopamine extracted from the root biomass using benzene, 1.79 g/kg, is quite similar to the previous literature benchmark of 2.34 g/kg [9] .
The amount of cyclopamine achieved using ethanol as an extraction solvent in Soxhlet reflux only falls short of values obtained through full conversion of cycloposine to cyclopamine (6.6 g/kg) detailed in the patent literature ( Figure 5 ) [15] . Considering full conversion of cycloposine to cyclopamine, we calculated a theoretical total yield of 9.7 ± 2 g of cyclopamine per kg of dry root and rhizome biomass. Of note, while we did soak the root and rhizomes in an aqueous solution prior to extraction, this solution was alkaline and the soak was intended to stabilize the biomass for long-term storage. Keeler, 1971 . Value calculated using the average percent cyclopamine found in root samples from all sites (from Table  1 of Keeler, 1971 ) and applied to total extractable alkaloid figure of 3 Evidence from the patent literature suggests that addition of base to the aqueous pre-soak prevents the conversion of cycloposine to cyclopamine [15] .
Not only did the total amount of alkaloids extracted differ significantly between the ethanol (19.22 g/kg) and benzene (7.11 g/kg) solutions, the relative amounts of each alkaloid also varied. The ratio of peak areas obtained from the ethanol extract for veratrosine, veratramine, cycloposine and cyclopamine was 1:1.94: 2.19:2.04 respectively. However, when using benzene, the ratio changed to 1:1.71:3.87:2.32. Notably, the amount of cycloposine in the crude benzene extract far exceeded the amount of cylopamine and veratramine. This contradicts results in the patent literature suggesting that benzene does not effectively extract cycloposine [15] . The high ratio of cycloposine in the crude benzene extract also differs significantly from the crude ethanol extract, where the amounts of cycloposine, veratramine, and cyclopamine were roughly equivalent (Figure 4 ). Ethanol's polar protic nature may be enhancing the hydrolysis of the glycosidic bonds in veratrosine and cycloposine under the elevated temperatures of reflux, despite attempts to keep the reaction conditions basic by addition of ammonium hydroxide, thus skewing the relative ratios of the species in the crude ethanol extract.
We found ethanol to be superior to benzene as a solvent for obtaining steroidal alkaloids from V. californicum in Soxhlet extraction in a head-to-head comparison using the same biomass. Yet, the bulk of improvement in total alkaloids obtained during our extractions with ethanol compared to prior published results may be due to a number of other factors. First and foremost, the alkaloid content of V. californicum has been reported to change throughout the plant's seasonal growth cycle, and this may explain why significant quantities of jervine, muldamine, and isorubijervine were not detected in either extract but cyclopamine and cycloposine were found at high levels [14, 17] . Alkaloid content has long been recognized to vary in species of Veratrum according to plant parts and stage of development [15, 16, 26, 27] . Archival reports on preliminary antitumor activity in V. californicum as part of the National Cancer Institute's natural products drug discovery program in the 1960s does not appear to be due to cyclopamine, based on phytogeographical data for occurrences of cyclopamine and bioassays employed at the time that were sensitive to tannin activity [27] . All of the biomass used in the present study was collected at the same time in late June, right before the plants flowered, a point in the growth cycle during which cyclopamine content has been reported to peak in the plant, especially in the aerial parts. Second, the amount of cyclopamine in V. californicum varies geographically and plants in the Boise National Forest have demonstrated both high and low concentrations of cyclopamine [17] . Third, hydrolytic cleavage of the glucose residue from cycloposine to form cyclopamine can influence the ratio of the two molecular species in the extract.
